RUNNING HEAD: Cross--linguistic analyses of stress assignment 2
measured the reliability of these beginning and ending cues in vocabularies that are appropriate for children of different ages learning to read. They found the same pattern of beginning/ending cues: both were reliable indicators of stress position, but endings were more accurate. Children tested on nonwords that varied the presence of beginning/ending cues to stress position demonstrated sensitivity to these cues, and increasing sensitivity to endings as reading development progressed.
Thus, for at least two languages, there are orthographic indicators of stress position that have profound influences on stress assignment in reading. In this study we examined whether orthographic cues at the very beginning and ending of words serve as reliable indicators of lexical stress across a broader range of languages, and if so, what level of granularity the orthographic cue is expressed -is it single letters, bigrams, or larger constructions such as syllables? There is reason to suspect that the granularity may vary across languages. For instance, English has complex syllables -there are consonant clusters in both onset and offset of syllables, so the beginnings and endings may be particularly useful due to their variability. In languages such as Italian or Spanish, with simpler syllable structures, the same patterns may not be observed because the variation in syllabic structure and the possibilities for indicating distinctions in the syllable are reduced. Of note, the Italian research mentioned above suggests that endings might be important. Additionally, in other orthographies, stress may be indicated by particular cues RUNNING HEAD: Cross--linguistic analyses of stress assignment 5 such as diacritics in Greek, or accents in Spanish (Gutiérrez-Palma, 2003; Gutiérrez-Palma & Palma-Reyes, 2008) ; therefore, stress position reflected in patterns of letters would be redundant. In Greek, stress position is indicated by a mark over the letter similar to an acute accent but only for writing in the lower-case alphabet. When capitalised, diacritics are generally not used, and the reader must rely on other information to determine stress position (Protopapas, 2006) . We investigated this issue by undertaking corpus analyses of beginning and ending cues to stress position in 6 languages that differ in terms of the regularity of orthography-phonology mappings, syllabic complexity, and the extent to which stress is marked or not marked explicitly in the orthography.
Method Corpus Preparation
We selected 6 languages to analyse: English, Dutch, German, Italian, Spanish, and Greek. These languages were selected in order to represent variation in language family, variation in the transparency of orthography for segmental phonology, as well as variation in the way in which the languages marked stress (frequently, as for Greek, rarely, as for Italian and Spanish, and seldom, as for Dutch, English, and German).
The English, Dutch, and German corpora were taken from the CELEX database (Baayen et al., 1993) , with frequency information for English from 18.6 million words, frequency information for Dutch from 40.2 million words, and frequency information for German from 5.0 million words. The Italian corpus was taken from the CoLFIS database (Bertinetto, Burani, Laudanna, Marconi, Ratti, Rolando, & Thornton, 2005) , with frequency information derived from a corpus of 3 million words. Stress position RUNNING HEAD: Cross--linguistic analyses of stress assignment 6 information was taken from the De Mauro Italian Dictionary (De Mauro, 2000) . The Spanish corpus was taken from LEXESP (Sebastian, Marti, Carreiras, & Cuetos, 2000) , with frequency counts derived from a total count of 4.8 million words. The Greek corpus was taken from the Hellenic National Corpus (HNC; Hatzigeorgiu et al., 2000;  http://hnc.ilsp.gr), and frequency counts were generated from 18.3 million words, as available in 2009, and described further in Protopapas and Vlahou (2009) .
From each corpus, we selected all the bisyllabic and trisyllabic words with frequency greater than 0. We focused on predicting the primary stress position within words, as not all corpora indicated secondary stress. Characteristics of each corpus are shown in Table 1 .
Insert Table 1

Cue preparation
We assessed each language corpus for whether orthographic beginnings and endings of words could predict the stress position of the word. We first replicated the analyses by Arciuli and colleagues by deriving the orthography corresponding to the body of the first syllable and the rime of the last syllable. We also generated cues representing the first or last consonant in the word, the first or last vowel in the word, the first or last one, two, three, four or five letters to determine whether different types of cue carried more or less information about stress position in different languages. Each word beginning or ending was taken as a cue in the analyses, and bisyllabic and trisyllabic words were assessed separately.
The effectiveness of each cue was determined using a variant of discriminant analysis, appropriate for binary cues that are discrete in their coverage of the corpus. The RUNNING HEAD: Cross--linguistic analyses of stress assignment 7 first stage of the method was to determine for each cue which stress position it was most closely associated with. So, for each cue individually, we determined the proportion of words containing that cue with stress on each syllable. To determine whether these proportions were significantly different from chance, we computed estimated proportions of classification using a random baseline. The baseline involved randomly reassigning the stress position and frequency for each word to another word in the corpus, and then determining the proportion of words containing the cue in question with stress on each syllable position. A chi-squared statistic determined the significance of the proportions of words with stress on each syllable containing the given cue, and then these proportions were interrogated to determine which stress position was most strongly associated with the cue. As an example, for the cue -air there are 9 words in English that end with these letters, 4 with first syllable stress and 5 with second syllable stress: a'ffair, cor 'sair, de'spair, 'funfair, 'horsehair, im'pair, 'mohair, 'pushchair , and re'pair. The estimated type frequencies for this cue derived from the random baseline (hence dependent on the general distribution of first and second syllable stress words in the corpus) are that there would be 7.6 words ending in -air with first syllable stress and 1.4 with second syllable stress. So, -air is more strongly associated with second syllable stress than first syllable stress.
The final stage of the method was to assign stress position to the words in the corpus according to the association between the cue and stress position. In the example of -air, for instance, all words ending in -air would be classified as second syllable stress in the analyses. The final classification accuracy, once all cues had been considered, was determined by counting the correct classifications based on all the cues and measuring Table 2 shows the results in terms of correct classification of bisyllabic and trisyllabic words for English, along with the ϕ c value for the classification.
Results
Insert Table 2
The results replicate previous studies showing that both the beginnings and endings (CV_/_VC) for words in English assessed by Arciuli and colleagues were highly significant in accurately classifying bisyllabic and trisyllabic words according to stress position (Arciuli & Cupples, 2006; . Indeed, for classifications derived from each cue type, and in all languages, for the ϕ c values, p < .001. Also replicating previous work focusing on the CV_/_VC analyses, we found that endings were more accurate at classifying words according to stress position than were beginnings in English (Arciuli et al., 2010) .
In terms of the other types of cue for English, as with the CV_/_VC cue, both the initial and the final parts of words were highly significant in terms of classifying words according to their stress position, even when this was just a single letter. The RUNNING HEAD: Cross--linguistic analyses of stress assignment 9 effectiveness of first or last vowel in classifying words according to stress position is consistent with Yap and Balota's (2009) discovery that the first vowel provided information about naming times in polysyllabic reading. However, we found that the first or last consonant, or even just the first or last letter was even more effective in classifying words according to their stress position. Hence, just a single letter can provide substantial information about stress position, and the prominence of first and last letters in visual word recognition means that such information is available at an early stage to the reading system (Beech & Mayall, 2005; Shillcock & Monaghan, 2001) . Unsurprisingly, more information from the word provides increasingly accurate classification, with corresponding increasing ϕ c values. However, providing more orthographic information about the word also increases the information that has to be processed, an issue that will be addressed in the second study when efficiency as well as accuracy of encoding is considered. Tables 3 and 4 show the results for the Germanic languages of Dutch and German. Both languages have similar distributions of stress across syllables (a dominant trochaic pattern) and also have complex onsets and offsets in syllables. The results for these languages indicate that stress is encoded in orthographic cues to a high degree of accuracy in Germanic languages other than English. For all cue types, for both bisyllabic and trisyllabic words, accuracy of classification was highly significant, and once again increased as the length of the cue increased. The advantage for word endings as indicating stress position for English, however, was not observed in Dutch and German. Insert Tables 3 and 4 The results of the analyses of Italian and Spanish are shown in Tables 5 and 6, respectively. For Italian and Spanish, final-syllable stress is indicated in the orthography with an accent, and so the focus for these analyses is on distinguishing first from second syllable stress for the trisyllabic words. We nevertheless include the analysis for these bisyllabic words, disregarding the diacritic when present, hence, performance was not 100% accurate for these words. again for the largest cue -the first or last three letters. The high degree of accuracy of the last three letters for determining stress position is consistent with the stress neighbourhoods analyses based on the final VCV sequences of words in Italian (Burani & Arduino, 2004; Colombo, 1992) , which have been shown to affect visual word processing of words and nonwords in Italian.
Insert Tables 5 and 6 The final analysis, for Greek, demonstrated that letter identity in both beginnings and endings provides valuable information about stress position, even for a language that also indicates stress position using diacritics. Thus, there is redundant information in Greek orthography regarding stress, and this can be potentially used in situations where the diacritics are not available (as in capitalised words, Protopapas et al., 2007) . For bisyllabic words, the general result is that word beginnings are more accurate than word endings in indicating stress position for all cue types, but for trisyllabic words, word endings tend to be more informative (except for the 1 st /last consonant cue type). As with the other languages, orthographic cues can prove to be highly accurate in reflecting stress position.
Discussion
One of the greatest challenges facing researchers of word reading is to extend what we know about reading aloud for English monosyllables to accommodate polysyllabic words and languages other than English. Here we undertook corpus analyses to assess one critical issue in polysyllabic word reading -to investigate sources of information in orthography that contribute to stress assignment in polysyllabic reading.
To extend previous work on orthographic indicators of stress assignment reported for
English and Italian, we systematically investigated probabilistic orthographic cues to lexical stress in polysyllabic words in 6 languages: English, Dutch, German, Italian, Spanish, and Greek.
Our analyses revealed that orthographic cues, which are not wholly morphologically derived, provide information about stress position in languages that vary in terms of syllabic complexity and transparency of stress in the orthography (e.g., diacritics). However, this cross-linguistic comparison also demonstrates that it is not the case for all languages that endings are more effective in indicating stress position than beginnings. This was the case for English and Spanish, but was reversed for Dutch and German trisyllables, and was mixed for Italian and Greek, according to which cue type, or granularity of the orthography, was assessed.
It is important to note that these analyses have focused only on accuracy of classification. They do not take into account the complexity of the information on which the classifications are based. Yet, comparing between different types of cue for their RUNNING HEAD: Cross--linguistic analyses of stress assignment 13 effectiveness in reflecting stress positions cannot be based purely on accuracies. This is because the more information that is available the more accurate the classification will be. So, a 3 letter cue provides more possibility for correctly classifying words than just a single letter, and a large set of cues provides more possibilities for accurate encoding than a smaller set of cues (as in comparisons of beginnings and endings, for instance). The extreme situation would be to take the whole word as a cue -the first or last 20 letters, for instance -to provide almost 100% accurate classification (only homographs such as project, which can be pronounced with first or second syllable stress, would still be misclassified). However, this would fail to capture useful generalisations in the orthography that may indicate stress position with less information. Thus, an important next step for future research is to assess the optimal granularity of the reading system for determining stress position by taking into account the complexity of the cue itself in contributing to indicating stress assignment.
There have been some attempts to describe the relative grain-size for letter to phoneme mappings that may be effective in different languages (Ziegler & Goswami, 2005 ) and experiments have tested the potential for varying grain-sizes within a single language according to orthographic properties of words (Rey, grain-sizes discovered by the model (Harm & Seidenberg, 1999; Perry, Ziegler, & Zorzi, 2007 Seidenberg & McClelland, 1989) .
Recently a precise computational statement of the most efficient grain-size for word naming for segmental phonology in English has been provided. Vousden et al.
(2011) provided a minimum description length analysis of English orthography to phonology mappings to compare whether the most efficient mapping is based on whole words, head-code, onset-body, or graphemes. Minimum description length provides an analysis of the length of the code required to describe a theory about data together with the length of code required to describe the data using that theory, and is thus an implementation of the Simplicity Principle, whereby the complexity of a system is given by the code length required to describe the system, and the assumption that the solution discovered by the cognitive system for a given task will be the most efficient available, in other words, it will have the shortest code length. The precise implementation of the code (i.e., the program used to encode the theory and the data) is not critical, as each implementation varies by a constant (Chater & Vitányi, 2003) . In the case of mappings from orthography to phonology, the theory is the grain-size of the mapping, and the data is the vocabulary.
Vousden et al. (2011) found that, for vocabularies that were greater in size than 100 words, grapheme to phoneme mappings were the most efficient description of the vocabulary, and that addition of multiple-grapheme chunks, that were often mispronounced using other grapheme-phoneme mappings (such as dge->/dʒ/, or ce->/s/), improved efficiency of the mapping further. In terms of grain-size for reading, the minimum description length approach demonstrated that optimal for English was a grapheme level of encoding of orthography with some larger multi-letter chunks.
Pronouncing a word in a language with varying stress position requires determining the orthography to stress position mappings in addition to forming orthography to phonology mappings, and this may require an altogether different grainsize than that for phoneme production. One possibility is that stress is stored at the lexical level (Daelemans, Gillis, & Durieux, 1994) , thus the whole-word is a candidate for the grain-size for pronunciation of stress in English. Alternatively, Rastle and Coltheart (2000) proposed a set of sublexical rules for assigning stress, which required accessing a database of affixes with their stress position. Such a set of affixes can be interpreted as the proposed grain-size for stress assignment. At a finer granularity still, Arciuli and colleagues' analyses provided a demonstration that there was considerable information in orthography for indicating stress when the portion of the word up to the first vowel, or from the last vowel, was taken as the orthographic cue. Most of these cues were not related to morphological units within the word, in contrast to the approach by Rastle and Coltheart (2000) , demonstrating that sublexical, and submorphological orthographic chunks are likely the effective grain size for reading for stress assignment in English.
Though Arciuli and colleagues' analyses showed that sets of letters in the word provide substantial information about stress, it may be that sufficient information is contained in the first or last one or two or more letters, the first or last vowel (Yap & Balota, 2009 ), or the first or last consonant.
Furthermore, the region that is indicative of stress position may vary across different languages. We are currently undertaking further research to address this RUNNING HEAD: Cross--linguistic analyses of stress assignment 16 question by analysing different sequences at the beginning and endings of words for the different languages in terms of the accuracy of the classification based on these cues, as well as determining the description length of encoding each language using different grain-sizes for indicating stress position.
Our findings reported in this Chapter confirm that there is a rich source of probabilistic information pertaining to assignment of lexical stress present in orthography across a wide variety of languages. This information can be used to design behavioural experiments and undertake computational modelling to further advance our knowledge of the reading system. Potentially, this information can also assist in designing appropriate stimuli for educational and therapeutic purposes. For example, a recent study with typically developing children used orthographically biased stimuli to accelerate appropriate production of lexical stress (Van Rees et al., 2012) . 
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